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With the advances in wireless technologies, there has been tremendous increase in user demand for resource- 

intensive mobile Internet services. This has been coupled with the limited capabilities of mobile devices and the 

high level of user expectations in terms of both quality of experience (QoE) and cost. An attractive enhancement 

technique is to utilize the co-existence of multiple interfaces in wireless devices to connect simultaneously to 

different access networks including cooperation over device-to-device (D2D) links. To this end, we present in this 

work optimized user-centric traffic splitting strategies in heterogeneous networks to achieve a high QoE level 

for video on demand applications with low cost and energy consumption for end users. We formulate a multi- 

objective optimization problem considering different pricing models with prediction whereby a user can estimate 

the links’ performance for future time slots and make suitable decisions accordingly. We evaluate the proposed 

strategies and demonstrate their effectiveness using parameters determined via experimental measurements to 

provide an evaluation under realistic operational conditions. Results provide useful insights on the tradeoffs 

between energy consumption, cost and quality of experience. 
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. Introduction 

The vision towards future wireless networks is to optimize resource

llocation by allowing the dynamic utilization of spectrum and multiple

ccess technologies in heterogeneous networks (HetNets) to meet the

remendous traffic demands [1] . As shown in Fig. 1 , HetNets include

acro cells served by base stations (BS) covering large coverage areas,

nd small cells served by low-power access nodes or mobile terminals

or device-to-device (D2D) cooperation to increase capacity in hotspots

ith high user demand and to fill in areas with weak coverage. These

ead to heterogeneous network deployments which require mobile de-

ices to function under seamless operation over multiple wireless in-

erfaces simultaneously. HetNets bring several technical challenges due

o the presence of multi-radio access technologies (RATs), and the de-

entralized deployment in licensed and unlicensed spectrum. Resources

hould be allocated to maximize system performance, while minimiz-

ng transmission cost and energy consumption. In addition, decisions

eed to adapt to the fast variation of the environment in terms of users’

nterface availability and channel conditions [2,3] . 

In conventional networks, a mobile device can use one wireless in-

erface at a time to download data, which is denoted as network se-
☆ In this work, we demonstrate that optimal traffic splitting considering D2D coo

etween energy consumption, monetary cost and quality of experience, with very low
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ection [4–10] . Network selection allows moderate enhancements in

erms of throughput while keeping energy consumption and cost low.

n general, mobile devices tend to switch to WiFi aiming at reducing

he cost of using cellular networks. Some new smartphones introduced

uto-switching between WiFi and cellular data networks to avoid poor

nd unstable WiFi connections. The utilization of multiple wireless in-

erfaces simultaneously, which is denoted as traffic splitting, achieves

igher throughput and quality of experience with a trade off in terms

f cost and energy consumption [11–17] . The traffic splitting heuristic

pproach proposed in our previous work [18] demonstrated potential

ains that could be further enhanced by optimal solutions. This mo-

ivates the development of enhancement techniques that can balance

etween cost, energy consumption and user experience. 

In this work, we address user-centric real-time optimal traffic split-

ing in D2D heterogeneous networks to provide the user with a trade-

ff between cost, energy consumption and user experience while using

ideo on demand streaming applications. The main contributions are

ummarized as follows: 

1. We address the general traffic splitting problem aiming at mini-

mizing the cost and energy consumption while keeping the user
peration in heterogeneous networks provide useful insights on the tradeoffs 

 solving time, while using video on demand streaming. 
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Fig. 1. Heterogeneous networks formed by 

macro cells, small cells and WiFi hotspots, 

allowing the users to communicate through 

one or multiple wireless interfaces includ- 

ing D2D cooperation. 
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satisfaction high. We focus on user-centric traffic splitting deci-

sions in D2D cooperative HetNets where a user can download

data not only from existing wireless networks (such as 4G/5G

cellular or WiFi), but also from peer devices over D2D links. We

allow the proposed approach to function in the background at

the user side without any intervention from the network or the

server, and without performing any changes to the technologies

standards. We formulate a multi-objective optimization problem

to capture cost-energy-QoE tradeoffs as a function of the dynamic

variation of various system and channel parameters. We aimed

at maintaining a target user satisfaction and quality level by sat-

isfying a minimum buffering time requirement and minimizing

the stalling events while using on demand video streaming appli-

cations. The problem is a mixed-integer non-linear program. To

solve the problem and reduce its complexity, we transformed the

problem into a mixed-integer linear program. 

2. We consider different cost models including usage-based and

tiered pricing. We assume cooperative pricing, which considers

smart data pricing mechanisms that do not only rely on simple

byte-counting schemes, but also include remaining data budget

and subscription plan dynamic pricing. 

3. We decide on the best download strategy considering an estima-

tion of the dynamic system parameters variation for the next few

time slots to achieve higher performance gains. Our proposed

model does not only provide the user with the best performance

at discrete time sample points, represented by time slots, it also

estimates the network performance for multiple time slots ahead

and makes decisions accordingly. We consider transmission rate

estimation and overall performance of every interface for the next

N time slots in our optimization problem formulation to decide

on behalf of the user on the amount of data packets to be down-

loaded. Considering transmission rate estimation for the next few

time slots will allow the user to defer the transmission at a given

time slots, to another futuristic time slots where the performance

of the network is better, hereby, reducing the cost and energy

consumption while maintaining a target quality of experience. 

This paper is organized as follows. Related work is presented in

ection 2 . The system model is presented in Section 3 . The optimal traf-

c splitting approach is detailed in Section 4 . Performance results are

resented and explained in Section 5 . Finally, conclusions are drawn in

ection 6 . 

. Related work 

In this section, we first survey recent literature addressing net-

ork selection and traffic splitting in heterogeneous networks and then
resent existing related work that considers monetary cost in traffic of-

oading decisions. 

.1. Network selection and traffic splitting 

There has been rich literature leveraging the benefits of multiple ac-

ess networks for improved user experience and network performance.

his literature can be broadly classified into network selection and traf-

c splitting, where the former selects a single network to be used by one

ser at a time and the former allows simultaneous use of multiple net-

orks. Considering network selection, the authors in [4] modeled the

roblem as a repeated stochastic game and solved it using Lyapunov

ptimization algorithm to select one access network for each user at

ne time while maintaining a balanced load among the different access

etworks. The work in [5] proposed joint cell activation and selection

echanism to mitigate high energy consumption and network interfer-

nce caused due to the dense existence of small cells in ultra-dense het-

rogeneous networks. Another related work on network selection con-

idered a centralized resource manager to efficiently and fairly utilize

he limited radio resources of available wireless networks [6] . In this

ontext, the authors handled the problem of radio access network selec-

ion by modeling it using Semi Markovian Decision Process for sequen-

ial decision making. The authors in [7] used machine learning and game

heory for online and offline user-centric network selection aiming at re-

ucing the number of frequent switching, increasing the possibility of

ainful switching, boosting user experience, and improving resource uti-

ization. In [8] , the authors proposed a hybrid unicast-multicast utility-

ased network selection algorithm aiming at minimizing outage per-

entage and energy consumption while increasing average quality of

ideo data delivery in dense heterogeneous networks. In [9] , the authors

roposed an exponential utility function based on aggregate additive

nd multiplicative multi-criteria utility functions for network selection

n heterogeneous networks. The authors is [10,11] aimed at enhanc-

ng video streaming quality of experience by considering network selec-

ion and traffic splitting while adapting the video bit rate, respectively,

n HetNets. Regarding traffic splitting that concurrently delivers traffic

ver multiple network interfaces, the work of [12] utilized dual con-

ectivity that allows one user equipment to simultaneously connect to a

acro cell and a small cell. The work minimized the overall experienced

elay by optimally splitting traffic over both connections. In [13] , the

uthors proposed device-centric mechanisms that simultaneously utilize

ultiple wireless interfaces to provide optimized performance for data

ownloading as well as video streaming. In addition, experimental re-

ults are conducted to demonstrate the effective and practical aspects of

he proposed methods. In [14] , the authors devise dynamic traffic split-

ing techniques for video traffic over both WiFi and cellular links in a

ay to optimize user experience while limiting energy consumption and

elay. In [15] , the authors presented a mode selection technique includ-
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Fig. 2. D2D cooperative network formed by two cellular base stations, one WiFi 

hotspot, one content owner mobile terminal, and other mobile terminals with 

multiple wireless interfaces connections. 
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ng traffic splitting over WiFi and cellular networks using Technique for

rder Preference by Similarity to Ideal Solution (TOPSIS) considering

ransmission rate capacity, delay and monetary cost tradeoff. The au-

hors in [16] proposed traffic splitting approach for proportional load

alancing across two radio access networks (LTE and Wi-Fi) aiming at

educing delay while increasing average system throughput especially

t high density of users. Traffic splitting has also been explored in the

ontext of ultra-reliable low latency communication [17] . The authors

tilized interface diversity to improve the resulting reliability in trans-

itting a given packet and studied the resulting tradeoff between relia-

ility and latency taking into account interfaces with failure correlation.

.2. Price-aware traffic offloading 

There have been few works that address the economical implication

f offloading from the perspective of either the network operator or the

ser. The work in [19] considered data offloading between cellular and

iFi networks and maximized user satisfaction represented in terms of

llocating required network resources and user’s sensitivity to data price

hile minimizing the incurred benefit loss of both network operators.

n [20] , the authors developed a network pricing model that can be

sed by network operators to leverage the benefits of licensed and un-

icensed spectrum in handling the growing traffic demand between end

sers and content providers, which demonstrated significant gains in

he payoff to all of network operators, content providers, and users. In

21] , the authors jointly addressed price-based interference control and

ncentive-based offloading is modeled as a Stackelberg game and solved

o offer utility gains to both cellular and D2D users. The work in [22] in-

estigated the impact of using social relations to increase the revenue of

ireless and social network operators. The problem of optimizing pric-

ng strategy is modeled using two-stage Stackelberg game with users

nd coalition of operators as players. The authors in [23] optimized

he pricing mechanism among cooperating users in a wireless-powered

ommunication network where a user with better channel conditions

ell its excess harvested energy to upload information of another user.

n [24] , the authors proposed a quality of service insured pricing strat-

gy for traffic offloading to jointly enhance D2D performance, pricing

nd usersâ decision-making while considering reference point, proba-

ility distortion and risk-aversion of D2D communication. The authors

n [25] proposed dynamic RAT selection and pricing considering multi-

le traffic classes for serving different applications running at the user

quipment (UE) with proportionally fair ranking of the UEs and dynamic

olicy selection scheme for polling the clients of the network. In [26] ,

he authors proposed a pre-scheduling traffic approach where requests

re managed with different deadlines based on network congestion in a

ime-dependent pricing systems in order to the Internet service provider

o reduce network congestion and accommodate more bursty traffic. 

To the best of our knowledge, none of the existing literature jointly

ddressed the problem of traffic splitting among multiple wireless in-

erfaces, monetary cost of content streaming, energy consumption, and

uality requirement. The work in the literature either optimizes traf-

c distribution among multiple interfaces to improve quality and en-

rgy consumption or uses network selection to reduce monetary cost.

n our work, we keep our problem general enough to accommodate the

imultaneous use of multiple network interfaces on one device as well as

evice-to-device cooperation to guarantee a desired quality level while

inimizing the total network cost of streaming video content and result-

ng energy consumption. We capitalize on predicting network conditions

f the various available networks to further improve the expected gains

n cost and energy savings. 

. System model 

We address traffic splitting in D2D cooperative heterogeneous net-

orks where a user can use multiple wireless interfaces to download

ata, either from the base stations (BSs) and access points (APs) over
ong range (LR) wireless technologies (such as WiFi, LTE, or 5G), or

rom other mobile terminals (MT) using short range (SR) wireless tech-

ologies (such as LTE-Direct, WiFi-Direct, Bluetooth or WiFi). 

As shown in the example scenario in Fig. 2 , the network is formed

y BSs, WiFi hotspot, MTs and a content owner (CO) which is a mobile

erminal that has already the data content cached. A mobile device can

hen use multiple wireless interfaces to download data simultaneously

rom BSs, APs, COs and other peer mobile terminals while using video

n-demand streaming. The main aim is to reduce battery consumption

nd monetary cost while maintaining low delay, and desired quality of

xperience. We assume the availability of I wireless interfaces to down-

oad data for on-demand video streaming with a specific video bit rate

 v . We assume the video is divided into packets with a fixed size of 𝑆 p 

its. Every interface i is characterized by a transmission rate R i,t , mon-

tary cost 𝜙i,t , and energy consumption 𝜓 i,t at time slot t . As shown in

ig. 2 , a mobile terminal can download data using four ( 𝐼 = 4 ) different

nterfaces simultaneously, (1) WiFi ( 𝑖 = 1 ), (2) cellular ( 𝑖 = 2 ), (3) Blue-

ooth ( 𝑖 = 3 ) from a peer master mobile terminal downloading its data

rom a cellular base station, and (4) Bluetooth ( 𝑖 = 4 ) from a content

wner having the data cached. When using device-to-device commu-

ication, a mobile terminal can use SR connectivity to download the

esired data from (1) a content owner, or (2) a peer master device. In

he first case, MT0 receives the data from the content owner ( 𝑖 = 4 ),
hich has the data cached. Accordingly, the MT of interest can directly

ownload the data from the CO over SR connectivity such as Bluetooth

ithout using long range connectivity such as cellular technologies. The

ontent owner will not charge the MT for data transmission, however,

he transmit energy spent by the CO and the received energy spent by

he MT of interest for using SR connectivity are considered. In the sec-

nd case, MT downloads data from a peer master device ( 𝑖 = 3 ), which

oes not have the data cached. Accordingly, the master device needs to

ownload the desired data using LR connectivity from a cellular base

tation, and then forwards it to the MT of interest via SR connectivity

uch as Bluetooth ( 𝑖 = 3 ). The monetary cost, the transmit and receive

nergy consumed by the peer master mobile terminal are considered, in

ddition to the energy consumed by the MT of interest for downloading

he data via SR connectivity. An application at the user end will decide

n the number of data packets D i,t to be downloaded over each inter-

ace i every time slot t with duration 𝑇 s . In our work, the notion of time

lots is introduced to handle discretization of the real-time aspect of the

ystem and the operation of the proposed approach. It provides practical

easibility to make decisions periodically every time slot based on data

ollected and previous actions. 

The video data downloaded is stored in the playing queue Q t every

ime slot t . The player fetches video frames from the buffer at a con-

tant speed defined by the video bit rate 𝑅 v . If the download bit rate

s lower than the video arrival rate, the playing buffer becomes empty,

nd the user experiences stalling events. In this case, the player pauses,
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Fig. 3. Video traffic splitting over WiFi, cellular network and Bluetooth considering 𝑁 = 3 time slots ahead. 

Table 1 

Main parameters and variables. 

Parameters 

I Number of available interfaces 

𝑇 s Time slot duration 

N Number of time slots for future prediction 

𝑅 v Video bit rate 

𝑆 p Packet size 

𝑇 m Minimum required of buffered video seconds 

𝐷 m Minimum required of buffered video packets 𝐷 m = ⌈ 𝑇 m 𝑅 v 

𝑆 p 
⌉

i Interface index with i ∈ [1, ..., I ] 

j Time slot index with 𝑗 ∈ [ 𝑡, ..., 𝑡 + 𝑁 − 1] 
R i,j Estimated transmission rate at time slot j over interface i 

ℭ 𝑖,𝑗 Maximum allowed number of packets to be transmitted over interface i at time slot j 

ℭ 𝑗 Maximum allowed number of packets to be transmitted over all interfaces I at time slot j 

𝜙i,j Monetary cost per data packet at time slot j over interface i 

Φmax Maximum monetary cost spent over N time slots 

𝜙i Monetary cost spent over interface i for N time slots 

Φ Total monetary cost spent over I interfaces for N time slots 

Ψi,j Energy consumption at time slot j over interface i 

P i Power consumption for receiving over interface i 

Ψ Total energy consumption over all interfaces for N time slots 

Ψmax Maximum energy consumption over all interfaces for N time slots 

Q t Number of packets buffered at time slot t 

𝔑 𝑗 Number of packets needed to be downloaded to prevent stalling at time slot j 

B i Total data budget allowed over interface i 

𝔅 𝑖,𝑡 Remaining data budget over interface i at time slot t 

Decision Variables 

D i,j Number of packets to be downloaded over every interface i at every time slot j . D is a matrix of size I ×N 
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a  
nd the last received frame freezes and is displayed until the data for

he next frame is being downloaded, which leads to QoE level reduction.

ccordingly, we aim at maximizing the user satisfaction by minimizing

he stalling events, their length and frequency through satisfying a min-

mum buffering time 𝑇 m 

while minimizing monetary cost and energy

onsumption. 

In our work, the decision takes into consideration the estimated per-

ormance of the interfaces for the next N time slots in order to achieve

ore significant performance gains in terms of energy consumption,

onetary cost and quality of experience. Accordingly, at every time slot

 , we consider a sliding window operation with width N , where the trans-

ission rate R i,j , download cost 𝜙i,j , energy consumption 𝜓 i,j over every

nterface i at every time slot 𝑗 ∈ [ 𝑡, ..., 𝑡 + 𝑁 − 1] should be estimated for

he next N time slots. The amount of data to be downloaded over each

nterface for the next N time slots will be then updated based on the

ynamic system variations to provide the best balance between mone-

ary cost and energy consumption while meeting desired QoE level. In

ig. 3 , a packet level illustration is presented where MT0 is streaming

ideo data over three wireless interfaces: WiFi, cellular and Bluetooth.

he sliding window considered is 𝑁 = 3 time slots. The solution then

ill decide on the number of packets needed to be downloaded for the

ext three time slots over the three available interfaces simultaneously

roviding minimum energy consumption and monetary cost while meet-

ng target QoE level. The main system parameters are summarized in

able 1 . 
. Price-aware traffic splitting optimization 

In this section, we present the user-centric traffic splitting optimiza-

ion problem formulation considering system variables, objective and

onstraints. In our work, we aim at finding the amount of data to be

ransmitted over every wireless interface minimizing the monetary cost

nd energy consumption, while maintaining a target desired level of

ser quality of experience. 

In our work, we decide on the number of packets D i,t to be down-

oaded over every interface i at time slot t . Since our proposed approach

onsiders future interface performance estimations with a sliding win-

ow of width N time slots, the decision is made on the amount of data to

e transmitted for the next N time slots. Accordingly, the decision vari-

ble D is a matrix of size I ×N . The traffic splitting problem is subjected

o several constraints in terms of capacity limitations. The problem can

e formulated as follows: 

rgmin 
D 

𝛼
Φ

Φmax 

+ (1 − 𝛼) Ψ
Ψmax 

(1)

subject to 

𝐷 𝑖,𝑗 ≤ ℭ 𝑖,𝑗 , ∀𝑖 ∈ [1 , ..., 𝐼] , ∀𝑗 ∈ [ 𝑡, ..., 𝑡 + 𝑁 − 1] (2) 

𝑗 ∑ 𝐼 ∑
𝐷 𝑖,𝑘 ≥ min 

(
ℭ 𝑗 , 𝔑 𝑗 

)
, ∀𝑗 ∈ [ 𝑡, ..., 𝑡 + 𝑁 − 1] (3) 
𝑘 =1 𝑖 =1 
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c  
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Φ  

w

𝐶 = 𝜇 ⋅ 𝜙 + (1 − 𝜇 ) ⋅max ( 𝜃 , Γ ) (14) 
• Eq. (1) is the objective function which aims at minimizing the

total monetary cost Φ while keeping the energy consumption Ψ
low, over the next N time slots. 𝛼 is a weighting factor, vary-

ing between 0 and 1, indicating the tradeoff between cost and

energy consumption. In our objective function, we used metric

normalization in order to adjust the total monetary cost Φ and

the energy consumption Ψ values measured on different scales

(USD and Joules, respectively) to a common scale ranging be-

tween 0 and 1. Φmax and Ψmax are the maximum cost and energy

that may be consumed, respectively, to download the needed data

over the next N time slots while using all the interfaces simulta-

neously. The minimum energy and monetary cost consumption

is assumed to be 0 when no transmission occurs. The expressions

for Φ, Φmax , Ψ and Ψmax are detailed in the next subsections. The

value of the objective function reflects the performance of the so-

lution in minimizing the monetary cost and energy consumption

compared to the maximum use of all the interfaces simultane-

ously. Its value is dependent on the amount of data requested to

be downloaded, which is constrained by the minimum required

buffering time, the buffering queue size and the link transmis-

sion capacities in (3) to maintain the target quality of experience

while using on demand video streaming. The objective function

value will then range between 0 when no transmission occurs,

and 1 when all the interfaces are used simultaneously. 
• The first constraint (2) guarantees that the number of packets to

be transmitted over interface i at every time slot j is less or equal

to the interface packet capacity ℭ 𝑖,𝑗 , expressed as follows: 

ℭ 𝑖,𝑗 = 

𝑅 𝑖,𝑗 ⋅ 𝑇 s 
𝑆 p 

(4)

• The second constraint (3) ensures that the requested data packets

should arrive at the user end before a buffer underflow occurs.

For video on demand streaming, synchronized media streams are

played continuously while being downloaded from the applica-

tion server without having to wait for the entire video to be de-

livered. Once the playout phase starts, the player fetches video

frame from the buffer Q t at a constant speed defined by the video

bit rate 𝑅 v . Accordingly, ⌈𝑅 v ⋅𝑇 s 
𝑆 p 

⌉ packets are needed to be played

every time slot of duration 𝑇 s . When the service transmission rate

is less than the video bit rate, the playing buffer becomes empty.

In this case, the player pauses, and the user experiences stalling

events. In order to maintain a target user satisfaction and quality

level, we aimed at minimizing the stalling events by satisfying a

minimum buffering time requirement 𝑇 m 

, which corresponds to

maintaining a buffering queue size greater than 𝐷 m 

video data

packets. Hence, the number of data packets to be downloaded

at time slot j should be greater than the number of needed data

packets 𝔑 𝑗 , estimated based on (5) , for 𝑗 ∈ [ 𝑡, ..., 𝑡 + 𝑁 − 1] , de-

pending on the video rate 𝑅 v , time slot duration 𝑇 s , packet size

𝑆 P , data packets buffered Q t and the minimum required buffering

video data packets 𝐷 m 

. In case the capacity ℭ 𝑗 (6) over all the

interfaces I , at time slot j , is less than the required number of data

packets, the device needs to fully utilize all the interfaces capac-

ity simultaneously to guarantee the highest quality experience

possible. 

𝔑 𝑗 = 𝐷 m 

+ ( 𝑗 − 𝑡 + 1) ⋅

⌈ 

𝑅 v ⋅ 𝑇 s 
𝑆 p 

⌉ 

− 𝑄 𝑡 (5)

ℭ 𝑗 = 

𝑗 ∑
𝑘 =1 

𝐼 ∑
𝑖 =1 

𝑅 𝑖,𝑘 ⋅ 𝑇 s 
𝑆 p 

(6)

.1. Cost minimization 

We consider Φ the total transmission cost which the user pays to

ownload data over I interfaces during N time slots. Accordingly, the
otal cost can be expressed as follows: 

= 

𝐼 ∑
𝑖 =1 

𝜙𝑖 (7) 

here 𝜙i is the cost spent when using interface i . In general, some in-

erfaces have much higher cost than others, e.g., cellular typically has

otably higher cost than WiFi or D2D over short range links such as

luetooth. In our work, we differentiate between two cost models: (1)

sage-based pricing, and (2) tiered pricing [27,28] . 

.1.1. Usage-based pricing model 

Usage-based pricing charges users in proportion to the amount of

ata consumed. In our work, we assume 𝜙i is the monetary cost per

acket spent at time slot j over interface i . Accordingly, the cost 𝜙i spent

y interface i using usage-based pricing model over N time slots can be

epresented by 𝜙U, i and expressed as follows: 

𝑖 = 𝜙U ,𝑖 = 

𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝜙𝑖,𝑗 ⋅𝐷 𝑖,𝑗 (8)

.1.2. Tiered pricing model 

Tiered pricing charges users a fixed amount of money Θi for a

onthly data capacity B i . The fixed fee covers usage up to the capacity,

fter which users may pay Γi USD per extra MByte. The cost 𝜙i spent

y interface i using tiered pricing model can be represented by 𝜙T, i and

xpressed as follows: 

𝑖 = 𝜙T ,𝑖 = (1 − 𝑤 𝑖,𝑡 ) ⋅ 𝜃𝑖 ⋅
𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝐷 𝑖,𝑗 

+ 𝑤 𝑖,𝑡 ⋅ Γ𝑖 ⋅

( 

𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝐷 𝑖,𝑗 − 𝔅 𝑖,𝑡 

) 

+ 𝑤 𝑖,𝑡 ⋅ 𝜃𝑖 ⋅𝔅 𝑖,𝑡 (9) 

here 𝜃i is the cost spent per packet when downloading over interface i

hen data budget is not exceeded and can be computed as follows: 𝜃𝑖 =
Θ𝑖 

𝐵 𝑖 
. A new binary decision variable w i, t is then introduced to indicate

hether the user exceeds total budget B i over interface i at time slot t .

o accommodate for this pricing model, additional constraints are also

eeded: 

𝔅 𝑖,𝑡 − 

𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝐷 𝑖,𝑗 ≤ 𝑋 ⋅ (1 − 𝑤 𝑖,𝑡 ) (10)

𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝐷 𝑖,𝑗 − 𝔅 𝑖,𝑡 ≤ 𝑋 ⋅𝑤 𝑖,𝑡 (11)

here X is a large number. Accordingly, if w i, t is equal to 0, constraint

11) is imposed, and constraint (10) becomes unbounded. In this case,

he downloaded data is below budget and the user is charged by 𝜃i . If

 i, t is equal to 1, constraint (11) becomes unbounded, and constraint

10) will hold. In this case, the data exceeds the remaining budget 𝔅 𝑖,𝑡 ,

herefore, w i, t is set to 1 and the user is charged 𝜃i for the remaining

apacity and Γi for the data exceeding the budget 𝔅 𝑖,𝑡 . The general ex-

ression of the total monetary cost spent by the user when using all the

nterfaces I can be expressed as follows: 

= 

𝐼 ∑
𝑖 =1 

𝑣 𝑖 
(
𝜇𝑖 ⋅ 𝜙U ,𝑖 + (1 − 𝜇𝑖 ) ⋅ 𝜙T ,𝑖 

)
(12) 

here v i is an input binary variable indicating whether the interface i

harges the user or have zero cost, and 𝜇i is an input binary variable

ndicating the type of the pricing model whether it is usage-based or

iered pricing. The maximum cost over N time slots can be computed as

ollows: 

max = 

𝐼 ∑
𝑖 =1 

𝑣 𝑖 

𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

ℭ 𝑗 ⋅ 𝐶 𝑖,𝑗 (13)

here 
𝑖,𝑗 𝑖 𝑖,𝑗 𝑖 𝑖 𝑖 
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.2. Energy minimization 

We consider Ψ as the total energy consumed by the mobile device

nd its peer devices to receive and transmit data. Ψ1 represents the en-

rgy consumed by the mobile terminal, denoted as MT0, to receive data

ver I interfaces during N time slots. Ψ2 represents the energy consumed

y peer mobile terminals to download data and forward it to MT0. Ac-

ordingly, Ψ can be expressed as follows: 

= Ψ1 + Ψ2 (15)

here 

1 = 

𝐼 ∑
𝑖 =1 

𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝑃 𝑖 ⋅
𝐷 𝑖,𝑗 ⋅ 𝑆 P 

𝑅 𝑖,𝑗 

(16)

 i represents the power consumed by MT0 to receive over interface i .

n case of D2D cooperation, MT0 downloads data from a peer MT m ,

hich can be (1) a content owner (CO), which has the data cached, or

2) a master device, which downloads data using WiFi or cellular and

orwards it to MT0. In our work, we assume the master device down-

oads data with a rate 𝑅 

′
𝑖 

higher than the forward transmission rate R i,j 

o MT0 over interface i . Accordingly, MT m consumes 𝜂i to download

nd transmit data simultaneously to MT0, and then, after download all

he content, MT m consumes 𝜁 i to transmit data to MT0. In case MT m

s a CO, we consider the power consumed 𝜁 i by MT m to transmit data

o MT0. 

2 = 

𝐼 ∑
𝑖 =1 

(1 − 𝛾𝑖 ) ⋅ 𝛽𝑖 ⋅ 𝜂𝑖 ⋅
∑𝑡 + 𝑁−1 

𝑗= 𝑡 𝐷 𝑖,𝑗 ⋅ 𝑆 P 

𝑅 

′
𝑖 

+ 

𝐼 ∑
𝑖 =1 

𝛽𝑖 (1 − 𝛾𝑖 ) ⋅ 𝜁𝑖 ⋅
𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝐷 𝑖,𝑗 ⋅ 𝑆 P ⋅

( 

1 
𝑅 𝑖,𝑗 

− 

1 
𝑅 

′
𝑖 

) 

+ 

𝐼 ∑
𝑖 =1 

𝛽𝑖 ⋅ 𝛾𝑖 ⋅ 𝜁𝑖 ⋅
𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝐷 𝑖,𝑗 ⋅ 𝑆 P 

𝑅 𝑖,𝑗 

(17)

here 𝛽 i is an input binary decision variable indicating whether the

nterface i is a short range connectivity and used for D2D cooperation.

i is an input binary decision variable indicating whether the interface

 is a content owner ( 𝛾𝑖 = 1 ) or a master device ( 𝛾𝑖 = 0 ). The maximum

nergy consumed can be expressed as follows: 

max = 

𝐼 ∑
𝑖 =1 

𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝑃 𝑖 ⋅ 𝑇 s + 

𝐼 ∑
𝑖 =1 

𝛽𝑖 
[
(1 − 𝛾𝑖 ) ⋅ 𝜂𝑖 + 𝛾𝑖 ⋅ 𝜁𝑖 

]
⋅ 𝑇 s (18)

.3. Problem linearization 

The problem is a mixed-integer non-linear program. The non-

inearity comes from the objective function when tiered cost model is

sed. To reduce the complexity of the problem, we transformed it into

 mixed integer linear program. 

The tiered cost model 𝜙T, i in (9) can be developed and expressed as

ollows: 

T ,𝑖 = 𝜃𝑖 

𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝐷 𝑖,𝑗 − 

(
Γ𝑖 − 𝜃𝑖 

)
⋅
𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝑤 𝑖,𝑡 ⋅𝐷 𝑖,𝑗 

+ 𝑤 𝑖,𝑡 ⋅
(
𝜃𝑖 − Γ𝑖 

)
⋅𝔅 𝑖,𝑡 (19)

To eliminate the non-linearity, the product of the two variables

 w i, t · D i, j ) can be replaced by a new variable Y i,j , on which several con-

traints are imposed. In our case, the first variable w i, t is a binary vari-

ble, and the second variable D i,j is an integer continuous variable rang-

ng between 0 and the maximum link capacity 
(
𝑅 𝑖,𝑗 ∕ 𝑆 p 

)
. Additional

onstraints are then needed to force Y i,j to take the value of the product

f the two variables ( w i · D i, j ), as follows: 

𝑌 𝑖,𝑗 ≤ 𝑤 𝑖,𝑡 ⋅
𝑅 𝑖,𝑗 

𝑆 p 

(20)
h

𝑌 𝑖,𝑗 ≤ 𝐷 𝑖,𝑗 (21)

𝑌 𝑖,𝑗 ≥ 𝐷 𝑖,𝑗 − 

𝑅 𝑖,𝑗 

𝑆 p 

⋅ (1 − 𝑤 𝑖,𝑡 ) (22)

𝑌 𝑖,𝑗 ≥ 0 (23)

Accordingly, the total cost Φ expressed in (12) can be linearized to

L as follows: 

L = 

𝐼 ∑
𝑖 =1 

𝑣 𝑖 
(
𝜇𝑖 ⋅ 𝜙U ,𝑖 + (1 − 𝜇𝑖 ) ⋅ 𝜙TL ,𝑖 

)
(24)

here 

TL ,𝑖 = 𝜃𝑖 

𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝐷 𝑖,𝑗 − 

(
Γ𝑖 − 𝜃𝑖 

)
⋅
𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝑌 𝑖,𝑗 

+ 𝑤 𝑖,𝑡 ⋅
(
𝜃𝑖 − Γ𝑖 

)
⋅𝔅 𝑖,𝑡 (25) 

The problem can then be formulated as follows: 

rgmin 
D 

𝛼
ΦL 

Φmax 

+ (1 − 𝛼) Ψ
Ψmax 

(26)

subject to 

𝐷 𝑖,𝑗 ≤ ℭ 𝑖,𝑗 , ∀𝑖, ∀𝑗 (27) 

𝑗 ∑
𝑘 =1 

𝐼 ∑
𝑖 =1 

𝐷 𝑖,𝑘 ≥ min 
(
ℭ 𝑗 , 𝔑 𝑗 

)
, ∀𝑗 (28)

( 

𝔅 𝑖,𝑡 − 

𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝐷 𝑖,𝑗 

) 

⋅ (1 − 𝜇𝑖 ) ⋅ 𝑣 𝑖 ≤ 𝑋 ⋅ (1 − 𝑤 𝑖,𝑡 ) , ∀𝑖 (29)

( 

𝑡 + 𝑁−1 ∑
𝑗= 𝑡 

𝐷 𝑖,𝑗 − 𝔅 𝑖,𝑡 

) 

⋅ (1 − 𝜇𝑖 ) ⋅ 𝑣 𝑖 ≤ 𝑋 ⋅𝑤 𝑖,𝑡 , ∀𝑖 (30)

𝑌 𝑖,𝑗 ≤ 𝑤 𝑖,𝑡 ⋅
𝑅 𝑖,𝑗 

𝑆 p 

, ∀𝑖, ∀𝑗 (31)

𝑌 𝑖,𝑗 ≤ 𝐷 𝑖,𝑗 , ∀𝑖, ∀𝑗 (32)

𝑌 𝑖,𝑗 ≥ 

( 

𝐷 𝑖,𝑗 − 

𝑅 𝑖,𝑗 

𝑆 p 

) 

⋅ (1 − 𝑤 𝑖,𝑡 ) ⋅ (1 − 𝜇𝑖 ) ⋅ 𝑣 𝑖 , ∀𝑖, ∀𝑗 (33)

𝑌 𝑖,𝑗 ≥ 0 , ∀𝑖, ∀𝑗 (34)

The problem is then a mixed-integer linear programming (MILP).

he decision variables are (1) matrix D of size I ×N where D i,j is an

nteger indicating the amount of data packets to be downloaded over

very interface i at time slot j with 𝑗 = [ 𝑡, 𝑡 + 1 , … , 𝑡 + 𝑁 − 1] , (2) vector

 of size I where w i, t is a binary variable set to 1 when the data down-

oaded exceeds the data budget at time slot t , and (3) matrix Y of size

 ×N used for problem linearization where 𝑌 𝑖,𝑗 = 𝐷 𝑖,𝑗 ⋅𝑤 𝑖,𝑡 . The number

f variables is then 2 𝐼 ×𝑁 + 𝐼 . Note that in real cases, for practicality,

ccuracy, feasibility and to achieve performance gains, the number of

nterfaces used simultaneously by a mobile device and the number of

ime slots N considered ahead for rate estimation may be limited. In

rder to solve our optimization problem, we used the MILP solver of

ATLAB based on the branch-and-bound method. The maximum exe-

ution time taken to solve the problem with as many as 10 interfaces

nd N = 8 is limited to 0.06 s on a 2.4 GHz Quad-Core Intel Core i5,

he fact that makes the proposed solution suitable for applications with

ard time constraints. 
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Fig. 4. Toy example illustrating optimal solutions for the proposed cost-energy-QoE tradeoff traffic splitting (TS-CEQ). 
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.4. Illustration example 

To illustrate an example solution for the optimization problem for-

ulation, we consider a network composed of the user of interest MT0,

ellular base stations, WiFi hotspot, and one peer device MT1 as pre-

ented in Fig. 4 . MT0 aims at downloading a video with rate 𝑅 v of

 Mbps using multiple wireless interfaces simultaneously. We assume

he video data is divided into fixed size packets composed of 1460 Bytes,

nd the time slot duration is 1 s, which corresponds to 172 packets

f video data. In our case model, we assume the data buffered Q t is

50 packets, and the minimum required buffered data 𝐷 m 

is 516 pack-

ts which corresponds to 3 s of playing video data. The traffic splitting

ecision takes into consideration three slots ahead ( 𝑁 = 3 ). Accordingly,

T0 needs to download at least 238 packets in the first time slot ( 𝑗 = 𝑡 )

n order to maintain the minimum desired QoE level by satisfying a min-

mum buffering time requirement 𝑇 m 

as expressed in (5) . In the second

ime slot ( 𝑗 = 𝑡 + 1 ), MT0 needs to download at least a cumulative of

10 packets (238 packets needed in the first time slot and 172 in the

econd). In the third time slot ( 𝑗 = 𝑡 + 2 ), MT0 needs to download in to-

al 582 data packets (238 packets needed in the first time slot and 172

n the second and the third). The three interfaces characteristics are pre-

ented in Fig. 4 . We assume MT0 consumes 1.307, 1.852, and 0.917 W

hile receiving data over WiFi, 3G cellular networks, and Bluetooth

hen connected to MT1, respectively. When MT0 downloads data from

 content owner, the power consumed by the CO to transmit data over

luetooth to MT0 is considered and is assumed to be 1.405 W. When

T0 downloads data from a master device, we assume the master device

onsumes 2.462 W to simultaneously receive data over 3G and transmit

ver Bluetooth, and 1.405 W to only transmit data over Bluetooth to

T0 [29–31] . WiFi network follows usage-based cost model, while 3G

ellular network follows tiered-based cost model. 

We consider three scenarios: (1) MT0 is below cellular budget, and

T1 is a content owner, (2) MT0 is below cellular budget, and MT1
ownloads its data from a cellular base station and forwards it to MT0,

nd (3) MT0 is above cellular budget. In the first scenario, MT1 has the

ata cached, accordingly, there is no monetary cost for downloading the

ata from MT1 over Bluetooth. Therefore, MT0 downloads most of his

ata over Bluetooth to reduce the total cost, which is reflected by the op-

imal solution provided in Fig. 4 . Using one interface WiFi or Bluetooth

lone does not allow MT0 to fully download the desired data which may

ead to stalling events and reduction in quality of experience. Using mul-

iple wireless interfaces and taking advantage of D2D communication,

he proposed approach was able to download the needed number of

ackets while maintaining the minimum quality level, while consuming

.0016 USD and 5.46 J for one second of video streaming, which leads

o an approximate consumption of 5.76 USD and 19.656 kJ for one hour

f video streaming. Compared to using cellular network alone, the pro-

osed approach was able to provide 82.74% reduction in monetary cost

hile consuming 6.58% more energy in one time slot with 1 s duration.

n the second scenario, MT1 is no longer a CO, it downloads the re-

uested data from a cellular base station. Since the cost of WiFi interface

s lower in terms of price and power consumption, MT0 favors the use of

he WiFi over cellular link. MT0 does not use D2D cooperation since the

ystem constraints are met without the need to connect to MT1. In this

ase, the proposed approach consumes higher cost of 0.0043 USD and

nergy of 5.9 J in one second of video streaming, leading to an approx-

mate cost of 15.48 USD and 21.24 kJ for one hour of video streaming.

ompared to the use of cellular network only, the proposed approach

as able to fully download the required data with 53.6% less monetary

ost while consuming 15.1% more energy. In the last scenario, MT0 ex-

eeds the cellular budget while MT1 is still below its budget. In this

ase, MT0 takes advantage of the WiFi network and D2D cooperation to

educe the total cost of downloading data while meeting QoE require-

ents. The proposed approach consumes 0.0116 USD and 8.33 J, which

rovides 82.75% reduction in monetary cost while consuming 62% more

nergy compared to using cellular network alone. 
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. Performance results and analysis 

To validate the proposed multi-objective traffic splitting with cost-

nergy-QoE tradeoffs (TS-CEQ) approach under realistic conditions, ex-

erimental measurements are used to determine WiFi and cellular key

ink parameters, such as effective download rate and energy consumed

er second during data reception. The performance of the proposed TS-

EQ approach is quantified and analyzed for HetNet resource manage-

ent. 

.1. Performance evaluation 

In order to assess the performance effectiveness of the proposed TS-

EQ traffic splitting approach, we generated results for the following

ifferent strategies: 

1. WiFi only (WO): the user downloads data using WiFi link only. 

2. Cellular only (CeO): the user downloads data using cellular link

only. 

3. Maximum rate network selection (MaxR-NS): the link providing the

higher rate is selected in every time slot. 

4. Exponential utility function for network selection based on [9] : the

user selects the link providing higher exponential utility func-

tion considering monetary cost and bandwidth tradeoff (XCB-

NS). We also customized the utility function and considered two

additional cases: exponential utility function for energy consump-

tion and monetary cost tradeoff (XCE-NS), and exponential util-

ity function considering energy consumption, monetary cost, and

QoE tradeoff (XCEQ-NS). 

5. Traffic splitting over both links simultaneously (TS-S): the user al-

ways uses both links simultaneously to download data. 

6. Traffic splitting with delay-power-QoE balance (TS-PQ) based on

[14] : the user uses one of the following strategies: (1) WiFi alone,

(2) cellular alone, (3) traffic splitting, or (4) no transmission. The

strategy providing higher utility function is selected on a time

slot basis. The utility function is based on a Lyapunov drift-plus-

penalty formulation providing delay, power and QoE tradeoff. 

7. Traffic splitting with transmission rate capacity-delay-monetary cost

balance (TS-RDC) based on [15] : the user uses one of the fol-

lowing strategies: (1) WiFi alone, (2) cellular alone, or (3) traffic

splitting. The strategy providing higher utility function is selected

on a time slot basis. The utility function is based on Technique

for Order Preference by Similarity to Ideal Solution (TOPSIS) for

network selection providing transmission rate capacity, delay and

monetary cost tradeoff. 

8. Traffic splitting with cost-energy-QoE balance (TS-CEQ): the user

optimally splits the data over multiple interfaces providing a bal-

ance between monetary cost, energy consumption while meet-

ing minimum QoE requirement and taking into consideration the

performance of the network within the next N time slots ahead. 

.2. Simulations setup 

We evaluate the performance of our proposed approach using sim-

lations conducted using MATLAB to stream a video using different

trategies. In the simulator implementation, a mobile device downloads

ata for video streaming application, where the video specifications,

uch as video size 𝑆 v , duration 𝑇 v , and bit rate 𝑅 v , are obtained as input

rom the server before the start of the video download. The chosen video

as a size of 7 MBytes, a duration of 60 s, a frame rate of 25 fps, and an

rrival rate of 117 kBytes every second. Simulations are conducted for

ne hour of video streaming considering 60 runs of 60 s videos. 

Synchronized media streams are played continuously while being

ownloaded from the application server without having to wait for the

ntire video to be delivered. The player fetches video frame from the

uffer Q at a constant speed defined by the video bit rate 𝑅 . If the
t v 
ownload bit rate is lower than the video arrival rate, the mobile device

s able to download only a fraction of the requested data. The remaining

ata that was not downloaded is kept to be downloaded in the next time

lots. In this case, the user experiences stalling events, the player pauses,

he last received frame freezes and is displayed until the data for the next

rame is being downloaded. If the download bit rate is higher than the

ideo arrival rate, the data is downloaded on time without any delay,

talls, or freeze frames. 

Accordingly, at each time slot of duration 𝑇 s = 1 s, the proposed ap-

roach makes a decision on the data to be downloaded in the next time

lot taking energy consumption, monetary cost and cellular budget into

onsideration while meeting the minimum QoE requirement by satis-

ying a minimum buffering time requirement 𝑇 m 

. The decision is based

n the solution of the TS-CEQ optimization problem formulated in (26) –

34) for N time slots ahead. Once the data is downloaded, the system

arameters are recorded such as buffer size, downloaded data, effec-

ive transmission rate, energy consumption, QoE parameters including

reeze frames, stalling length and frequency. The process is then re-

eated, statistics are updated every time slot until video data is com-

letely downloaded. 

In order to assess the QoE level, we used Mean Opinion Score (MOS)

alues expressed in Eq. (35) derived in our previous work [14] based on

oE metric presented in Recommendation ITU-T P.1201 (2013) [32] .

he level of user satisfaction can be measured by MOS level ranging

etween 1 (bad) and 5 (excellent) [33–35] . In our work, the MOS val-

es are estimated based on a QoE metric that is derived from standards

resented in Recommendation ITU-T P.1201 (2013) considering initial

uffering, and re-buffering events, their frequency and length [32] . The

OS level derived in our previous work [14] can be expressed as fol-

ows: 

𝑡 = 𝑎 ⋅ log ( 𝑏 ⋅𝔐 𝑡 + 𝑐) (35)

here a, b and c are found to be 0.9377, 128.9 and − 427.6, respectively.

 𝑡 is the QoE metric presented in [32] , and can be expressed as follows:

 𝑡 = 5 − max ( min ((Ω𝑡 + 𝔗 ) , 4) , 0) (36)

here Ωt and 𝔗 are the expected degradation caused by stalls and initial

uffering till time t . They are defined as follows: 

𝑡 = max ( min ( 𝑠 4 + 𝑠 1 ⋅ exp (( 𝑠 2 ⋅ 𝐿 𝑡 + 𝑠 3 ) ×𝑁 𝑡 ) , 4) , 0) (37)

 = 

{ 

max ( min ( 𝑑 1 ⋅ log ( 𝑇 0 + 𝑑 2 ) , 4) , 0) , if 𝑇 0 ≥ 1 − 𝑑 2 
0 , otherwise 

here 𝑇 0 is the initial loading time in seconds, L t is the averaged stalling

uration in seconds and N t is the number of stalling events excluding ini-

ial buffering. The coefficients 𝑠 1 , 𝑠 2 , 𝑠 3 , 𝑠 4 , 𝑑 1 and 𝑑 2 have the following

alues − 1.72, − 0.04, − 0.36, 1.66, 0.29 and − 3.29, respectively [32] . 

Our proposed approach is user-centric, performing autonomously,

ithout any intervention from the network or the server, and without

erforming any changes to the cellular/WiFi/ Bluetooth standards. The

roposed approach runs at the user side and adjusts based on what it

eceives from the network to provide real-time solutions for data down-

oad. The device estimates the download rate in the subsequent time

lots based on the actual rates experienced in the current and the previ-

us time slots. Accordingly, the problem does not require any resource

llocation since the device makes its decisions based on the actual mea-

ured bit rates of all interfaces. 

In our simulations setup, we assume the cellular and WiFi transmis-

ion rates follow the exponential distribution with different mean values

s presented in the results section below. We assume the average power

onsumed by a mobile terminal to download data is 0.917 W over Blue-

ooth, 1.307 W over WiFi and 1.852 Watts over 3G cellular network. A

aster device consumes 2.462 W to simultaneously receive data over

G and transmit over Bluetooth to its peer device. However, when the

aster device is a content owner and has the data cached, it consumes

.405 W to transmit data over Bluetooth to its peer device [29,30] . 
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Fig. 5. Total energy expenditure (Joules) and monetary cost (USD) for every approach. 

Fig. 6. Total energy expenditure (Joules) and QoE MOS for every approach. 

Fig. 7. Comparison of total energy expenditure, monetary cost and QoE MOS performance (%) with respect to the strategies providing highest energy consumption 

(TS-S), highest monetary cost (CeO) and highest QoE MOS (TS-CEQ with 𝑁 = 5 ) 
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.3. Simulations results and analysis 

To compare the performance of the various strategies mentioned

n Section 5.1 , we evaluated the total energy consumption, monetary

ost and QoE for one hour of video streaming, with an arrival rate of

17 kBytes every second, considering two case scenarios. In the first case

cenario, we considered only two wireless interfaces, WiFi and cellular

etworks. We analyzed the performance of the proposed TS-CEQ under

ifferent system parameters such as the number of time slots N , mini-

um required buffered video in seconds 𝑇 m 

, and cost weight factor 𝛼.

n the second case, we tested the performance of the proposed approach

o  

p

onsidering device-to-device communication and using more than two

nterfaces simultaneously for data download. 

.3.1. Results considering two interfaces – WiFi and cellular networks 

In the first scenario, the WiFi and cellular transmission rates are

odeled following an exponential distribution with average rate of

50 kBps. To compare the performance of the various approaches pre-

ented in Section 5.1 , we quantified the tradeoff between the monetary

ost, the energy consumption and the QoE mean opinion score. We as-

ume 𝛼 to be 0.8, giving higher weight to the monetary cost and 𝑇 m 

to

e 0 with no requirement on minimum video buffered data. The effect

f 𝛼 and 𝑇 m 

on the performance of the proposed TS-CEQ approach is

resented in Section 5.3.2 . 
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Fig. 8. TS-CEQ performance in terms of monetary cost, energy consumption and QoE while varying N and 𝑇 m with 𝛼= 0.8. 

Fig. 9. TS-CEQ performance in terms of monetary cost and energy consumption 

while varying N and 𝛼 with 𝑇 m = 0. 
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Fig. 5 presents the tradeoff between total energy consumption

n Joules versus the monetary cost in USD for every approach.

ig. 6 presents the total energy consumption versus the QoE mean opin-

on score. In addition, since the aim is to minimize the energy expen-

iture and monetary cost while increasing user quality of experience,

ig. 7 presents the percentages of performance evaluation for every ap-

roach in terms of energy, cost and QoE compared to the strategies pro-

iding highest energy consumption (TS-S), highest monetary cost (CeO)

nd highest QoE MOS (TS-CEQ with 𝑁 = 5 ), respectively. 

The results show low performance for network selection strategies

ncluding WiFi only, cellular only, maximum rate network selection,

CB-NS, XCE-NS and XCEQ-NS based on [9] strategies. Using WO, with

ost 0.003 ×10 −3 USD per packet and low receiving power of 1.307 W,

rovides low energy consumption and monetary cost at the expense of

uality of experience, which was the lowest with MOS 1.008. Using CeO

rovides low QoE with high energy consumption and monetary cost.

CB-NS provides lower energy and monetary cost compared to MAXR-

S. This is due to the fact that XCB-NS aims at selecting the network pro-

iding a tradeoff between low cost and high bandwidth or rate, whereas

AXR-NS selects the network providing only higher transmission rate.

e customized the work in [9] to consider XCE-NS aiming at selecting

he interface providing minimum energy and monetary cost, which leads

o the solution of selecting WiFi only, without taking QoE into consid-
ration. We also customized their work and considered a network selec-

ion approach providing monetary cost-energy-QoE tradeoff. XCEQ-NS

rovides higher QoE compared to other network selection approaches

CE-NS, XCB-NS and MAXR-NS with lower energy consumption while

onsuming more monetary cost. 

Using one interface for data download is not sufficient to provide the

ser with a download rate greater than the arrival rate, which leads to a

ow QoE level. The approaches where traffic splitting is considered pro-

ided better performance in terms of user satisfaction, energy consump-

ion and cost. The user takes advantage of downloading data over dif-

erent wireless interfaces simultaneously to maintain a high download

ate, which decreases the stalling events, their frequency and length,

ereby, enhances user satisfaction. 

The TS-S approach forces the data to be downloaded over both inter-

aces simultaneously, which leads to maximizing the instantaneous data

ate at every time slot without considering energy consumption mini-

ization, nor QoE level maximization. TS-PQ presented in [14] aims at

roviding a balance between QoE, energy consumption and delay while

onsidering one time slot ahead for future prediction. TS-PQ provides

 QoE MOS of 2.47, which is very close to the TS-S approach when us-

ng both links simultaneously, while consuming approximately 40% less

nergy, and 13% less monetary cost. This is due to the fact that TS-PQ

ay choose to defer transmission or select one of the interfaces, if the

laying buffer is full or the data transmission rate is low, leading to a

ower monetary cost, energy consumption and delay while keeping a

igh QoE. The traffic splitting approach TS-RDC proposed in [15] aims

t providing a balance between link capacity, delay and monetary cost.

e consider TS-RDC1 where the weights in the utility function of the

ink capacity, delay and monetary cost are 0.2, 0.5, and 0.3, respec-

ively, as presented in [15] . In TS-RDC2, we customize their work and

ave higher weight for minimizing the monetary cost to match our ob-

ective function. TS-RDC1 consumes 26% more energy than TS-PQ, with

ery close QoE MOS and monetary cost. This is due to the fact that both

raffic splitting approaches aim at enhancing user satisfaction; TS-RDC1

ives very high weight to delay and link capacity, and TS-PQ maximizes

nstantaneous QoE, while also considering energy consumption. Giving

igher weight to monetary cost, TS-RDC2 provides 59% lower mone-

ary cost compared to TS-PQ, at a tradeoff cost in quality of experience

nd energy consumption. In order to minimize the cost, TS-RDC2 uses

he WiFi interface more frequently which affects the QoE and leads to a

olution very close to using WiFi alone. 

When the proposed approach TS-CEQ considers only one time slot

head ( N = 1), the cost was lower than TS-PQ and TS-S by 12.2% and

3.5%, respectively with lower QoE of 1.17. The energy consumed was

0% lower than TS-S and 30% higher than TS-PQ. This is due to the fact

hat TS-PQ aims at minimizing energy and maximizing QoE, whereas

S-CEQ considers mainly minimizing the monetary cost and energy con-

umption while maintaining a minimum QoE bound. Considering the

etwork performance for multiple time slots ahead enhanced the pro-

osed approach performance. When 𝑁 = 3 time slots ahead were consid-

red for rate estimation, TS-CEQ consumed 40.8% less cost, 9.2% less

nergy while providing 10% better quality of experience when com-
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Fig. 10. Total energy expenditure (Joules) and 

monetary cost (USD) for every approach. 

Fig. 11. Total energy expenditure (Jo ules) 

and QoE MOS for every approach. 
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ared to TS-PQ. TS-CEQ with 𝑁 = 5 outperformed all other algorithms,

hile providing an excellent QoE of 5, with more than 57% reduction in

nergy consumption compared to TS-S and 76.6% (3.62 USD) reduction

n monetary cost compared to CeO. Compared to TS-PQ, TS-CEQ with

 = 5 provides 54.63% (1.32 USD) reduction in monetary cost, 29.34%

eduction in energy consumption, and 50.5% increase in user satisfac-

ion. Increasing the considered number of time slots N ahead for future

rediction increases the system performance in terms of cost, energy and

oE since the optimal decision will have a clearer futuristic vision of the

hannel estimation for a higher number of time slots. Accordingly, the

S-CEQ proposed approach may defer transmission at a time slot t to a

uture time slot j with 𝑗 = [ 𝑡, 𝑡 + 1 , ..., 𝑡 + 𝑁 − 1] , where the transmission

ate is higher, leading to a lower delay and energy consumption while

aintaining QoE level and guaranteeing the minimum number of data

ackets buffered. 

.3.2. Study on the TS-CEQ system parameters – N, 𝛼 and 𝑇 m 

In this section, we evaluate the performance of the proposed TS-CEQ

pproach while varying system parameters such as the number N of time

lots considered for future prediction, the weighting factor 𝛼 and the re-

uired minimum time for video data buffering 𝑇 m 

. We assume the net-

ork is composed of WiFi and cellular networks, and the transmission

ates are modeled following an exponential distribution with average

ate of 110 kBps considering video streaming for one hour. Fig. 8 shows

he monetary cost in USD, the energy consumption in Joules and the

oE mean opinion score provided by the TS-CEQ approach for N = 3, 4

nd 5, while varying 𝑇 m 

from 0 to 3 s. In this case, 𝛼 is fixed to 0.8

o give higher weight to the monetary cost with respect to energy con-

umption. Results prove that considering higher number of time slots N

head for future prediction increases the system performance in terms

f cost, energy and QoE. Considering larger number of N allows to take

dvantage of the estimation of the channel performance for more time

lots ahead. This will allow the proposed approach to defer transmis-
ion at a specific time slot to benefit from a better link performance at

ater time slots, leading to a lower delay and energy consumption while

aintaining QoE level. For instance, considering N = 5 instead of 3 was

ble to reduce the cost and the energy by more than 6.7% and 11.5%, re-

pectively, while providing higher quality of experience reaching MOS

f 5 (double the QoE when N = 3) when 𝑇 m 

= 2 s. On the other hand,

ncreasing 𝑇 m 

provides slightly lower monetary cost and energy con-

umption while providing higher level of QoE. Increasing the minimum

uffered time of video streaming 𝑇 m 

requirement prevented the buffer

ueue to go below 𝐷 m 

and consequently prevented stalling events. As

hown in Fig. 8 , increasing 𝑇 m 

has major impact on QoE which increases

rom 1 (poor quality) to 5 (excellent quality) when 𝑇 m 

is greater than

 s. 

Fig. 9 shows the monetary cost in USD and the energy consumption

n Joules provided by the TS-CEQ approach for 𝛼= 0.2, 0.5 and 0.8, while

arying N from 1 to 10. In this case, 𝑇 m 

is fixed to 0. 𝛼 is a weighting

actor indicating the tradeoff between cost and energy consumption; i.e.

ncreasing 𝛼 gives higher impact to reducing the monetary cost instead

f energy consumption. The results in Fig. 9 show that increasing 𝛼 from

.2 to 0.8 is able to reduce the download cost while increasing the en-

rgy consumption which is align with our proposed objective function. 

.3.3. Study on the TS-CEQ performance with limited cellular budget 

Figs. 10 and 11 compare the performance of the TS-CEQ approach

ith/without limited cellular budget. In this scenario, we consider a

imited cellular budget of 50MB, with 𝜃2 = 0 . 016 × 10 −3 USD/packet (if

elow the budget) and Γ2 = 0 . 116 × 10 −3 USD/packet (if above the bud-

et). We assume the WiFi and cellular transmission rates are modeled

ollowing an exponential distribution with average rate of 150 kBps for

ne hour video streaming. 

The TS-CEQ approach is able to provide the same QoE level while

onsuming more energy and monetary cost for 𝑁 = 3 . Due to the limita-

ion in the cellular data budget, the mobile is encouraged to use the WiFi
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Fig. 12. TS-CEQ performance in terms of mon- 

etary cost, energy consumption and QoE while 

varying average cellular rate 𝑅 c . 
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etwork more often even with low WiFi rates to satisfy the minimum

oE requirement. In addition, the cost of data packet is higher when the

ser is above cellular data budget. This leads to higher energy and cost

onsumption in order to maintain the minimum user satisfaction level.

or 𝑁 = 5 , the TS-CEQ approach was able to overcome the budget limi-

ation by providing similar performance and keeping the monetary cost

ow. The WiFi and cellular interfaces were used intelligently in order to

w  
onserve the budget and use the WiFi interface more often while satis-

ying the minimum QoE level requirement. 

.3.4. Study on the TS-CEQ performance with different cellular average 

ates 

In the previous scenarios, we used symmetrical rates for both WiFi

nd cellular links. To show the performance of more realistic scenarios,

e compared the performance of asymmetrical WiFi and cellular trans-
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Fig. 13. TS-CEQ performance in terms of mon- 

etary cost, energy consumption and QoE while 

varying the number of wireless interfaces. 
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ission rates considering video streaming for one hour duration. In our

imulations, the WiFi transmission rate follows an exponential distribu-

ion with average of 200 kBps. The cellular rate follows the exponential

istribution with average transmission rate 𝑅 c varying from 200 kBps

o 1.2 MBps. We assume 𝛼 and 𝑇 m 

are set to 0.8 and 0, respectively. 

Fig. 12 (a)–(c) evaluate the performance of the different approaches

n terms of monetary cost, energy consumption and QoE MOS, respec-

ively. The results in Fig. 12 (a) show that by increasing 𝑅 c , the mone-

ary cost slightly increases since the approaches tend to use the cellu-

ar interface more often to take advantage of the higher rate compared

o WiFi and achieve performance gains in terms of transmission time,

nergy consumption and QoE. In Fig. 12 (b), we evaluate the transmis-
ion energy consumption consumed by the mobile device to download

he data over every interface. When 𝑅 c increases, the transmission time

ecreases. Accordingly, the energy consumption decreases with the in-

rease of the average cellular rate. As presented in Fig. 12 (c), increasing

he average transmission cellular rate provides higher QoE. The inter-

aces data capacity satisfied the video arrival rate and needed number of

ackets which reduced the stalling events, their frequency and length,

nd hereby, increasing the user satisfaction. The proposed approach TS-

EQ was able to provide a maximum QoE level of 5. Using WiFi only

rovided a MOS of 1 with an average rate of 200 kBps, while using cel-

ular alone, the QoE MOS values increased to reach 2.77 at an average

ate of 1.2 MBps. 
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.3.5. Results considering multiple wireless interfaces – WiFi and cellular 

etworks with D2D cooperation 

In order to assess the performance of the use of multiple wireless in-

erfaces simultaneously, we considered the co-existence of the cellular

etwork with multiple WiFi-hotspots, content owners mobile devices,

nd multiple cooperative devices. In this scenario, we assume the trans-

ission rate for every interface follows the exponential distribution with

 low rate of 40 kBps. We evaluated the monetary cost, energy consump-

ion, and QoE for 1 min of video streaming while varying the number of

nterfaces. Fig. 13 shows the performance of 6 different data transmis-

ion scenarios with different number of interfaces as follows: (1) 𝐼 = 2
W,C) where two interfaces WiFi and cellular are available to the user,

2) 𝐼 = 3 (2W,C) with three interfaces two WiFi hotspots and cellular

etwork, (3) 𝐼 = 4 (2W,C,CO) with two WiFi hotspots, cellular network

nd a content owner, (4) 𝐼 = 5 (2W,C,CO,M), (5) 𝐼 = 6 (2W,C, CO,2M)

nd (6) 𝐼 = 7 (2W,C,CO,3M) with five, six and seven available inter-

aces including two WiFi hotspots, cellular network, a content owner,

nd one, two and three cooperative mobile devices, respectively, con-

ected to a WiFi hotspot charged with 0 . 003 × 10 −3 USD/packet each.

he results show that increasing the number of interfaces was able to

nhance system performance in terms of increasing QoE while reducing

onetary cost and energy consumption. 

The existence of higher number of interfaces allows the mobile termi-

al to achieve higher rate while downloading data over multiple wire-

ess interfaces simultaneously. This has high impact on reducing the

ransmission time and delay while avoiding data buffer underflow and

talling events. The quality of experience increased from 1 (poor) when

iFi and cellular interfaces are used to 5 (excellent) when 5 interfaces

re used. In our work, we consider the energy consumed for transmission

y the mobile devices for data download. The reduction in energy con-

umption is due to the reduction of the interfaces utilization and trans-

ission time, in addition to the use of D2D communication. To down-

oad the same video, using seven interfaces simultaneously including

2D cooperation provided 47.52% reduction in energy consumption,

7.91% reduction in monetary cost while achieving an excellent QoE

evel of 5, compared to the use of WiFi and cellular interfaces. 

.4. Simulations results outcome 

The proposed TS-CEQ approach provides dynamic optimal solutions

iming at minimizing the energy consumption and monetary cost, while

nsuring high QoE by avoiding buffer underflow and stalling events. The

atter is achieved by simultaneously utilizing the multiple wireless inter-

aces available at the mobile terminal. Using bit rate estimation for the

ubsequent N time slots allowed TS-CEQ to outperform other network

election and traffic splitting approaches. TS-CEQ with 𝑁 = 5 even with

imited cellular budget was able to provide an excellent QoE of 5, with

ore than 57% and 29.34% reduction in energy consumption compared

o TS-S and TS-PQ, respectively, and more than 76.6% (3.62 USD) and

4.63% (1.32 USD) reduction in monetary cost compared to CeO and

S-PQ, respectively. The user may achieve excellent quality level even

ith very low transmission rates using five interfaces, in addition to

ower transmission energy consumption and monetary cost. 

. Conclusions 

This paper addressed user-centric real-time traffic splitting in D2D

ooperative heterogeneous networks where a mobile can take advan-

age of multiple wireless interfaces simultaneously to reduce energy

onsumption, delay, monetary cost while maintaining a minimum qual-

ty of experience level. We formulated the problem as a multi-objective

ptimization problem with cost-energy- QoE tradeoffs. We considered

ifferent cost modeled and allowed futuristic time slot rate estimation.

esults demonstrate significant performance gains compared to conven-

ional networks with an excellent QoE of 5 with more than 57% reduc-
ion in energy consumption and 76% reduction in monetary cost, with

ery low solving time. 
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